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Spin–orbit coupling has been conjectured to play a key role in the low-energy electronic structure
of Sr2RuO4. Using circularly polarized light combined with spin- and angle-resolved photoemission
spectroscopy, we directly measure the value of the effective spin–orbit coupling to be 130±30 meV.
This is even larger than theoretically predicted and comparable to the energy splitting of the dxy and
dxz,yz orbitals around the Fermi surface, resulting in a strongly momentum-dependent entanglement
of spin and orbital character. As demonstrated by the spin expectation value 〈 ~sk · ~s−k 〉 obtained for
a pair of electrons with zero total momentum, the classification of the Cooper pairs in terms of pure
singlets or triplets fundamentally breaks down, necessitating a description of the unconventional
superconducting state of Sr2RuO4 in terms of these newly found spin-orbital entangled eigenstates.
PACS numbers: 74.25.Jb, 74.70.Pq, 74.20.Rp, 79.60.-i
After a flurry of experimental activity [1–5], Sr2RuO4
has become a hallmark candidate for spin-triplet chiral
p-wave superconductivity, the electronic analogue of su-
perfluid 3He [6–8]. However, despite the apparent exis-
tence of such a pairing, some later experiments [10–12]
do not fully support this conclusion, as they cannot be
explained within a theoretical model using spin-triplet
superconductivity alone [13]. A resolution might come
from the inclusion of spin–orbit (SO) coupling, which has
been conjectured to play a key role in the normal-state
electronic structure [14] and may be important when de-
scribing superconductivity as well: by mixing the canoni-
cal spin eigenstates, the relativistic SO interaction might
play a fundamental role beyond simply lifting the degen-
eracy of competing pairing states [14–18].
Thus far, the experimental study of SO coupling’s ef-
fects on the electronic structure of Sr2RuO4 has been lim-
ited to the comparison of band calculations against angle-
resolved photoemission spectroscopy (ARPES) [14, 19–
22] – no success has been obtained in observing experi-
mentally either the strength of SO coupling or its impli-
cations for the mixing between spin and orbital descrip-
tions. Here we probe this directly by performing spin-
resolved ARPES [23], with circularly-polarized light: by
using the angular momentum inherent in each photon –
along with electric-dipole selection rules [24] – to generate
spin-polarized photoemission from the SO mixed states.
Combined with a novel spin- and orbitally-resolved ab-
initio-based tight-binding (TB) modelling of the elec-
tronic structure [25], these results demonstrate the pres-
ence of a non-trivial spin–orbital entanglement over much
of the Fermi surface – i.e. with no simple way of factoring
the band states into the spatial and spin sectors. Most
important, the analysis of the corresponding Cooper pair
spin-eigenstates establishes the need for a description of
superconductivity beyond the pure spin-triplet pairing.
In Sr2RuO4 the calculated effective SO coupling is
small (ζeff ∼ 90 meV at the Γ point) with respect to the
bandwidth (∼ 3 eV) of the Ru-t2g orbitals, which define
the α, β, and γ conduction bands. Nevertheless its influ-
ence always becomes important whenever bands would
be degenerate in the absence of SO, either by symmetry
or accidentally. This happens at several places in the
three-dimensional (3D) Brillouin zone, as demonstrated
in Fig. 1(a,b) where we show a comparison of the ab
initio-TB band structure and Fermi surface calculated
both with (color) and without (black) SO coupling in-
cluded [25]. In the absence of SO, by symmetry the dxz
and dyz bands would be degenerate along the entire kz
momentum path from Γ to Z [Fig. 1(a)]. Additionally,
there are accidental degeneracies along the kz = 0 path
from Γ to X, where the bands of dxz,yz and dxy character
all cross at momenta near (2pi/3, 2pi/3) – the exact loca-
tion of which varies with kz but often occurs at the Fermi
level [Fig. 1(a,b)]. At all these locations SO coupling nat-
urally leads to a splitting [Fig. 1(a,b)] and mixing of the
orbital character [Fig. 1(c)] for all three bands.
Interestingly, the effects of SO coupling are not limited
to the regions around the non-relativistic degeneracies as,
despite the large bandwidth, the Ru-t2g bands are often
separated by energies small compared to the SO interac-
tion. The predicted importance of the SO interaction can
be directly visualized via the expectation value of~l·~s from
our ab initio-TB modelling, with ~l and ~s being the orbital
and spin angular momentum operators. A non-zero value
of 〈~l ·~s 〉 indicates complex orbital eigenstates that can be
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FIG. 1. (color online). (a) Band structure along the high-symmetry directions and (b) kz = 0 Fermi surface calculated without
(thin black) and with (thick, color-coded to show 〈~l · ~s 〉) the inclusion of SO coupling; at the Γ point, the latter gives rise to
a ζeff ∼ 90 meV splitting [note that Z≡ (0, 0, pi/c), Γ≡ (0, 0, 0), M≡ (pi/a, 0, 0), X≡ (pi/a, pi/a, 0)]. (c,d) 3D Fermi surface sheets
color-coded to show (c) orbital character and (d) the expectation value 〈~l · ~s 〉, in the first Brillouin zone [9]. The energy and
momentum location of the spin-resolved ARPES spectra shown in Fig. 2 is marked in yellow in panels (a) and (b).
entangled with the spin. In this case, the wavefunction
cannot be factorized into independent spin and orbital
parts, as would be possible for a fully quenched angular
momentum (for which 〈~l ·~s 〉 = 0). The calculated 〈~l ·~s 〉
is shown in Fig. 1 for the high-symmetry dispersion (a),
kz=0 Fermi surface (b), and around the 3D Fermi sheets
(d). This suggests SO coupling is important in Sr2RuO4
on almost the entire three-sheet Fermi surface [26].
In order to probe the resulting internal spin–orbital
structure of the electronic wavefunction, we turn to spin-
resolved ARPES with circularly polarized light: with this
technique the circular polarization of the light couples to
the angular momentum of the states measured at a given
k point, while the spin is resolved directly. A similar ap-
proach, albeit without the angular and energy resolution
needed to resolve the dispersive states belonging to the
conduction band, has been used previously to generate
spin-polarized photoemission from materials without a
net magnetization, such as GaAs [27] and Ca2RuO4 [28].
Here, by exploiting the electron-dipole selection rules for
photoemission from conduction-band states selected via
spin-resolved ARPES, we directly probe the internal SO
structure of the normal state wavefunction (note that this
study is done at ∼40 K, thus well above Tc'1.5 K).
To apply this technique on Sr2RuO4 we study the SO
splitting at the Γ point, ~k = (0, 0, 0), as highlighted in
Fig. 1(a,b). This choice is dictated by the need of avoid-
ing any intensity contamination from the well-known sur-
face reconstruction of Sr2RuO4 [19–21], which leads to
the detection of folded bands – preventing a clean spin-
ARPES study – anywhere in the Brillouin zone except
at the Γ point [25]. In addition, as explained below, this
choice selects the experimental geometry and initial-state
wavefunctions that are the most straightforward to ana-
lyze, facilitating the direct measurement of both the SO
interaction strength and the complex nature of the wave-
function. At this k-point, non-relativistic band struc-
ture calculations predict two degenerate bands of dxz and
dyz character, with the dxy band far enough away that
it can be ignored (i.e., at about 1.8-2.3 eV higher bind-
ing energy, depending on the kz value). Here SO breaks
the degeneracy by hybridizing these bands to form two
states with a splitting of ζeff ∼ 90 meV: a lower binding-
energy state with z-components of orbital and spin angu-
lar momentum parallel
∣∣∣d↓z−1z, d↑z+1z〉, and a higher binding-
energy state where they are antiparallel
∣∣∣d↑z−1z, d↓z+1z〉.
Here ↑z represents spin, d+1z ≡
√
1/2(−dxz− idyz) has
mlz =1, while d−1z≡
√
1/2(dxz−idyz) has mlz =−1. Op-
tical selection rules for the initial-to-final-state excitation
with circularly polarized light dictate that both ∆`=±1
and ∆ml =±1. For d orbitals the change in ` will favor
the d → p over d → f transitions, owing to the cross-
section at the photon energies used (24 and 56 eV) and
in particular the presence of a d→ f Cooper minimum
[29] at 47 eV for Ru4+ (see also Supplemental Material
[25]). The change in ml will depend on the circular polar-
ization of the photon being right (⊕) or left (	). When
a ⊕ (	) photon is absorbed by the lower binding-energy
parallel state
∣∣∣d↓z−1z, d↑z+1z〉, mlz must increase (decrease)
by one; but since an |mlz |= 2 final state is forbidden in
the favoured p transition, electrons from the d↓z−1z (d
↑z
+1z
)
half of the degenerate state will dominate, resulting in
an effective ↓z (↑z) spin polarization. Similarly, photoe-
mission from the higher binding-energy antiparallel state∣∣∣d↑z−1z, d↓z+1z〉 using ⊕ (	) light will result in photoemission
with the opposite spin polarization, ↑z (↓z).
In spin-integrated ARPES [Fig. 2(a)], these Γ-point
states are detected as a single broad feature with width
3∼ 400 meV [25]; however, it is possible to distinguish
them by using circularly polarized light and observing
the spin-polarization of the photoelectrons [see schemat-
ics in Fig. 2(a)]. The experiment is repeated for both he-
licities of light, and the results combined to calculate the
photoelectron polarization asymmetry, which eliminates
possible experimental artefacts [25]. This polarization
asymmetry is presented in Fig. 2(b): it is zero along x
and y crystal axes, and shows a clear wiggle as a func-
tion of energy along z, indicating that the photoelectrons
have a photon-helicity-dependent spin-polarization only
in the z-direction. By plotting the intensities correspond-
ing to the observed photoelectron polarization asymme-
try for each spatial dimension, Fig. 2(d-f), we can directly
resolve these states. For the z direction in Fig. 2(f) –
and in particular in Fig. 2(c) where the data have been
corrected for light incident at 45◦ with respect to the
spin–orbit quantization axis [25] – they become visible
as two energy-split features:
∣∣∣d↓z−1z, d↑z+1z〉 photoemits ↓z
(↑z) with ⊕ (	) light, and is thus detected in I⊕↓,	↑; sim-
ilarly,
∣∣∣d↑z−1z, d↓z+1z〉 is detected in I⊕↑,	↓. Along the x and
y directions in Fig. 2(d,e), however, the spectra match the
spin-integrated intensity in Fig. 2(a) since the photoelec-
trons from both states have 〈 sx 〉=〈 sy 〉=0 for both light
helicities. The splitting in the z direction is observed
with both 24 eV and 56 eV photons and its magnitude
is 130 ± 30 meV [25], showing a possible enhancement
compared to the predicted value ζeff∼90 meV. Most im-
portantly, the existence of these two states, from which
spin-polarized photoemission can be generated using cir-
cularly polarized light in the z direction only, is clear ex-
perimental evidence of the importance of SO coupling in
Sr2RuO4 and of its consequences for the complex nature
of the normal-state wavefunctions.
As discussed below, the most important of these con-
sequences is the strong, momentum-dependent, spin–
orbital entanglement of the eigenstates around the Fermi
surface. This is illustrated in Fig. 3 by plotting the pro-
jection of the Bloch wavefunctions at the Fermi energy
onto the Ru-d orbital basis at different momenta [25].
The resulting projections are color-coded by the expec-
tation value of the spin operator 〈sz〉(θ,φ) for one half of
the Kramers-degenerate pair (blue=↑, red=↓) [30]. Along
the edges of the Brillouin zone (M−X) where the bands
are well-separated, we find particularly in the α band (far
right panel in Fig. 3) that the orbitals do not show strong
entanglement: each orbital projection is associated with
a single expectation value (color) of the spin operator.
We also notice that in these areas the β and α bands are
of pure dxz,yz orbital character, and the γ band of dxy
(Fig. 3). At these locations the wavefunction could be
well approximated by the usual description as a product
of independent spatial and spin components:
ψ(k, σ) = ϕ(k) φspinσ , (1)
0
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FIG. 2. (color online). (a) Spin-integrated ARPES data mea-
sured with 24 eV photons at the Γ point, as highlighted in
Fig. 1. (b) Measured polarization asymmetry of the pho-
toemitted electrons, and (d-f) corresponding spin-resolved
ARPES intensities for x, y, and z crystal axes, obtained with
right (⊕) or left (	) circular polarization [see inset of (a) for
experiment schematics]. (c) Intensity from each underlying
state for the z direction, corrected for light incident at 45◦
with respect to the spin–orbit quantization axis, as detailed
in the Supplemental Material [25]. Vertical error bars repre-
sent statistical uncertainty based on number of counts in the
Mott polarimeters, plotted at 95% confidence, shown together
with locally-weighted scatterplot smoothing fits [25].
where ϕ(k) and φspinσ are the spin and orbital eigenstates,
and σ the spin index. However, close to the zone diago-
nal, e.g. near the intersections of the Fermi sheets with
Γ−X, this is not the case. Here we find strong orbital mix-
ing for all bands and, especially in the γ and β bands, also
strong entanglement between orbital and spin character:
the orbitals are no longer associated with a uniform spin
value; on the contrary, the latter can vary from fully up
to fully down along a single orbital projection surface.
Here the wavefunction cannot be written as in Eq. 1, and
instead we must use the more general expression:
ψ(k, σ˜) = c↑ϕ↑(k)φ
spin
↑ + c↓ϕ↓(k)φ
spin
↓ , (2)
with σ˜ being the pseudo-spin index, and c↑,↓ the prefac-
tors of the momentum-dependent spin-orbital-entangled
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FIG. 3. (color online). Momentum-dependent Ru-d orbital projection of the wavefunction for the β, γ, and α bands at selected
momentum locations on the 3D Fermi surface. The surface color represents the momentum-dependent sz expectation value
along the direction defined by the spherical (θ, φ) angles, 〈sz〉(θ,φ) [25]; as indicated by the color scale at upper left, blue/red
correspond to spin ↑/↓ for one state of the Kramers-degenerate pair (with the opposite spin state not shown [30]). The strongly
mixed colors on some of the orbital projection surfaces indicate strong, momentum-dependent spin–orbital entanglement.
eigenstates. Eq. 2 further illustrates the nature of the
SO-induced entanglement: flipping the spin forces also a
change of the orbital character. We note that, due to the
nature of the band structure in Sr2RuO4, this entangle-
ment is strongly dependent on both k‖ and kz, despite
the extremely weak kz dispersion along the Fermi surface.
A similar momentum and orbital dependence of the
spin expectation value is responsible – in topological
insulators – for the complex spin-texture of the Dirac
fermions [31–33]. In Sr2RuO4, beyond the normal-state
properties, it directly affects the description of supercon-
ductivity, as revealed by the inspection of the Cooper
pair basic structure. Cooper assumed the two-particle
wavefunction describing a superconducting electron pair
to be of the form Ψ(r1, σ1, r2, σ2) = ϕ(r1 − r2)φspinσ1,σ2 ,
with zero total momentum and the spin part being ei-
ther singlet (total spin S=0) or triplet (S=1) [34]. This
allows one to classify superconductors as a realization of
singlet or triplet paired states. However, a fundamental
assumption of this description is that one can write the
wavefunction of each electron as a simple product of spa-
tial and spin parts, which is not possible in the case of
strong mixing between ϕ↑(k) and ϕ↓(k). Additionally,
because of the strong 3D k-dependence of this entangle-
ment in Sr2RuO4, any transform to pseudo-spin would
also necessarily be k-dependent – negating the possibil-
ity of using the regular description under a pseudo-spin
basis as might be done, e.g., for the heavy-fermion Ce
compounds [35, 36]. As a consequence, the classification
of Cooper pairs in terms of singlets or triplets fundamen-
tally breaks down for Sr2RuO4. This is shown in Fig. 4
for kz=0 (and in Fig. S5 of the Supplemental Material for
the full kz range [25]), which presents the spin-eigenstates
available to a pair of electrons with zero total momentum,
as obtained from the expectation value 〈 ~sk · ~s−k 〉, plot-
ted versus the Fermi surface angle Θ defined in Fig. 4(d).
While familiar singlet and triplet states are seen off the
zone diagonal for the α band (with 〈 ~sk · ~s−k 〉=−3/4 and
1/4, respectively), they are not available for either the β
or γ bands, whose spin-eigensystem consists of a doublet
and two singlets or – depending on Θ – two doublets.
Our findings mark a deviation from a pure spin-triplet
pairing for Sr2RuO4, since the only portion of the Fermi
surface that might support it is contained within the α
pocket, and suggest that superconductivity is yet more
unconventional than has been assumed so far. This could
explain a number of experimental observations at vari-
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FIG. 4. (color online). Two-particle spin expectation value
〈 ~sk · ~s−k 〉 for states with zero total momentum along the kz=0
Fermi surface sheets for (a) α, (b) β, and (c) γ bands. The
kx–ky plane location is defined by the angle Θ for each band,
as illustrated in (d). The complete set of results for the full kz
range is shown in Fig. 5S of the Supplemental Material [25].
5ance with a spin-triplet scenario, such as the extreme sen-
sitivity to field angle of both the magnetic-field-induced
second superconducting phase transition [10] and also the
suppression of the ab-plane upper critical field [11]. These
provide evidence for an additional magnetic anisotropy in
the superconducting state, of which the entanglement of
spin and orbit at the single-particle level would be the
natural source. In this regard, it would be interesting
to verify what of the chiral p-wave superconductor phe-
nomenology [1–5], and apparent conflict in experimen-
tal evidence [10–12], would remain when re-evaluated in
terms of entangled single-particle eigenstates.
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